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Abstract. Theory and observations have linked equatorial VLF waves4

with pulsating aurora for decades, invoking the process of pitch-angle scat-5

tering of 10’s keV electrons in the equatorial magnetosphere. Recently pub-6

lished satellite studies have strengthened this argument, by showing strong7

correlation between pulsating auroral patches and both lower-band chorus8

and 10’s keV electron modulation in the vicinity of geosynchronous orbit.9

Additionally, a previous link has been made between Pc4-5 compressional10

pulsations and modulation of whistler-mode chorus using THEMIS. In the11

current study, we present simultaneous in-situ observations of structured cho-12

rus waves and an apparent field line resonance (in the Pc4-5 range) as a re-13

sult of a substorm injection, observed by Van Allen Probes, along with ground-14

based observations of pulsating aurora. We demonstrate the likely scenario15

being one of substorm-driven Pc4-5 ULF pulsations modulating chorus waves,16

and thus providing the driver for pulsating particle precipitation into the Earth’s17

atmosphere. Interestingly, the modulated chorus wave and ULF wave peri-18

ods are well correlated, with chorus occurring at half the periodicity of the19

ULF waves. We also show, for the first time, a particular few-Hz modula-20

tion of individual chorus elements that coincides with the same modulation21

in a nearby pulsating aurora patch. Such modulation has been noticed as a22

high-frequency component in ground-based camera data of pulsating aurora23

for decades, and may be a result of nonlinear chorus wave interactions in the24

equatorial region.25
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1. Introduction

Many disparate studies have been carried out that link one to another of the following26

series of events: substorm injections into the inner magnetosphere, Pc4-5 ULF wave excita-27

tion, modulation of VLF chorus, and precipitation via scattering in the form of modulated28

pulsating aurora (PA). Using the new perspective gained with the high-fidelity measure-29

ments onboard the Van Allen Probes, in conjunction with ground-based imagers, we show30

that the processes in these events are highly connected. In this paper, we present a case31

study of this sequence as a cohesive narrative, with implications for future magnetospheric32

studies of these phenomena.33

1.1. Pulsating aurora

PA is a distinct type of periodically modulated aurora, which is manifest as diffuse34

patches characterized by quasi-periodic brightness fluctuations of ∼2-20 second periods,35

and horizontal sizes of several to hundreds of kilometers [Johnstone, 1978]. Nearby patches36

can pulsate out of phase or entirely independently of one another, indicating that the37

temporal variation of PA can change dramatically from one patch to the next [Omholt ,38

1971; Royrvik and Davis , 1977; Smith et al., 1980; Duncan et al., 1981]. The brightness of39

the patches is only a few hundred Rayleigh (R) to a few kR at 428 nm, and normally occurs40

over a diffuse background [Royrvik and Davis , 1977], with maximum power occurring in41

the frequency range of 0.05 to 0.15 Hz [Vallance Jones , 1974]. A 3 ±1 Hz modulation of42

intensity is commonly observed superimposed upon the PA patches [Oliven and Gurnett ,43

1968; Royrvik and Davis , 1977; Lepine et al., 1980; Sandahl , 1984; Yamamoto, 1988],44

which will be discussed at length in Section 2.2. The drift speed has been consistently45
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measured to be on the order of 1 km/s in the morning sector, presumably at the E×B46

drift speed [Davis , 1978].47

A statistical study was done by Kvifte and Pettersen [1969] that showed the maximum48

probability of observing PA was in the equatorward edge of the auroral oval, especially49

near 0600 MLT. Interestingly, this dawn side sector is the same region in which whistler-50

mode chorus is seen most prevalently [e.g. Li et al., 2011]. Another statistical study of PA51

during a solar maximum concluded that there is a 30% probability occurrence of PA near52

magnetic midnight, which increases dramatically to 100% near 0400 MLT [Oguti et al.,53

1981].54

Jones et al. [2013] presented a case study that detailed the spatial and temporal ex-55

tent of a long-lasting, widespread PA event. The observations, taken from the array56

of THEMIS allksy imagers, showed continuous PA lasting approximately 15 hours and57

covering a maximum span of over 10 hours MLT. The pulsations continued in the eastern-58

most camera until turn-off due to sunlight, implying the pulsations persisted into the59

daytime sector. This result was just one of several long-lasting events found in 7 months60

of THEMIS data, suggesting that PA is a common, long-lasting auroral phenomenon that61

occurs even without a necessary substorm precursor.62

Taking the statistical occurrence studies by Kvifte and Pettersen [1969] and Oguti et al.63

[1981] together with the case study by Jones et al. [2013], it is clear that PA results in64

a large amount of energy transferred from the magnetosphere to the ionosphere through65

high energy auroral precipitation. Therefore, the drivers and modulators of PA are impor-66

tant processes to fully understand in order to characterize the magnetosphere-ionosphere67

coupling interaction.68
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1.2. Pulsating aurora and chorus

Many previous sounding rocket studies [e.g. Bryant et al., 1975; Smith et al., 1980;69

Yau et al., 1981; McEwen et al., 1981] have consistently concluded that PA is caused70

by a few keV to 10’s of keV electrons and that the electron populations must originate71

from geosynchronous orbit, perhaps as a result of scattering by VLF waves. Pitch-angle72

diffusion via cyclotron resonance interaction is the standard theory for the generation73

of PA precipitation [Davidson, 1986; Huang et al., 1990; Sandahl , 1984]. A common74

scattering theory is outlined by Kennel and Petschek [1966] and Coroniti and Kennel75

[1970]. When drifting electrons enter an interaction region, VLF wave growth occurs at76

the expense of electron perpendicular energy, thereby diffusing those electrons into the77

loss cone; next, hydromagnetic ULF waves act to modulate the growth of the VLF wave-78

particle resonance. This flux limiting effect is thought to create periodic strong pitch79

angle scattering events.80

VLF whistler-mode chorus waves are naturally occurring magnetospheric plasma waves81

observed as wave bursts generated near the magnetic equator [Burtis and Helliwell , 1969;82

Russell and Holzer , 1969; Burtis and Helliwell , 1976] typically in two distinct frequency83

bands (upper-band and lower-band), separated by a gap in wave power at half the electron84

gyrofrequency (0.5 Ωce). These wave bursts are composed of a discrete superposition of85

quasi-monochromatic emissions manifest as successions of so-called rising or falling tones86

[Sazhin and Hayakawa, 1992]. It has been shown that chorus amplitudes are dependent87

on substorm injections, with the largest intensity enhancement seen in the near-midnight88

to dawn region [Meredith et al., 2001].89
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A study by Thorne [2010] using global statistics from CRRES and Polar, and a numer-90

ical model, came to the conclusion that chorus waves are accountable for the scattering of91

diffuse aurora electrons in the near-midnight and post-midnight sectors. Nishimura et al.92

[2010] provided convincing direct evidence, using THEMIS spacecraft measurements of93

chorus waves and ground imager observations of PA, that the modulation periods of94

lower-band chorus waves were closely correlated to PA periods at the footprint of the95

satellite. A follow-up study that found the same correlations within multiple similar96

events served as additional evidence that lower-band chorus is indeed the driver of PA97

[Nishimura et al., 2011]. Li et al. [2011] also used THEMIS spacecraft to show a link98

between lower-band chorus modulations and ground-based observations of PA, in both99

the temporal and spatial domains. Further evidence of this link was given by Jaynes100

et al. [2013]; this study showed a strong correlation between periodic field-aligned elec-101

tron fluctuations (at VLF frequencies) seen in the equatorial region using the GOES 13102

MagED 30-50 keV and 50-100 keV channels, and PA periods observed with a THEMIS103

allsky imager at the GOES 13 footprint. The case for pitch-angle scattering by equatorial104

chorus waves as the driver for PA is a strong one.105

1.3. The role of ULF waves

Ultra-low-frequency (ULF) waves in the magnetosphere, spanning frequencies from106

1 mHz to 1 Hz, can be characterized as toroidal mode, poloidal mode, or a mixture107

of the two. (In this paper, we refer to ULF and Pc4-5 interchangeably.) The toroidal108

mode is exhibited as a magnetic field oscillation in the azimuthal direction, Bφ, (with109

a corresponding radial perturbation in the electric field, Er) and the poloidal mode is110

seen as an oscillation in Br and Eφ. The two modes are also associated with different m111
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numbers, where m denotes the azimuthal wave number from the drift-resonance condition112

for the drift frequency of a particle at a given energy and drift shell: ωwave = mwaveωdrift113

[Southwood et al., 1969]. Low-m ULF waves, corresponding to the toroidal mode, are114

traditionally thought to occur through coupling from an incoming fast mode wave from115

the magnetospheric boundary to a standing Alfvén wave mode [e.g. Agapitov et al., 2009].116

Higher-m number ULF waves imply a poloidal mode and are thought to arise from particle117

injections and their subsequent drift motions [e.g. Agapitov and Cheremnykh, 2011].118

However, work done on multiple case studies has shown that these two ULF categoriza-119

tions may not always be generated through separate mechanisms. Many events have been120

identified where low- to high-m number ULF waves were all generated similarly, through121

particle injections to the inner magnetosphere [Zolotukhina et al., 2008; Yeoman et al.,122

2010; James et al., 2013]. The mechanism cited as the cause of these observations invokes123

the theory detailed in Mager and Klimushkin [2008]. Azimuthally drifting substorm in-124

jected ion clouds (in the westward direction) and electron clouds (eastward) comprise the125

driver for the ULF wave generation. The waves observed in these studies, and explained in126

the moving-source theory, occur with mixed polarization, at some times being dominantly127

poloidal and toroidal at others. We therefore see that there can be a causal link between128

substorm injections and poloidal/toroidal ULF waves.129

Additional studies have linked ULF modulations with quasi-periodic chorus wave bursts.130

Using THEMIS observations, Li et al. [2011a] found that Pc4-5 ULF waves can modulate131

whistler-mode chorus waves, by either changing the electron density or the anisotropy of132

resonant electrons, thereby affecting the chorus wave growth. Pc4-5 waves occur with133

periods of tens of seconds to a few minutes, which overlaps precisely with the pulsation134
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period of typical PA. The implications that this association has for PA generation was135

explored further in a subsequent paper [Li et al., 2011b] which found that density varia-136

tions (whether by ULF modulations or otherwise) may be very important in driving PA.137

Here we can conclude that ULF waves can be substorm generated, may then propagate138

eastward with the injected electron clouds, and have been seen to affect the periodicity139

of chorus waves in the inner magnetosphere. Additionally, Spanswick et al. [2005] demon-140

strated that a link exists between precipitation of electrons in the PA energy range and141

ULF wave periodicities, and furthermore concluded that field line resonances are more142

efficient at modulating the electron precipitation. Clearly, it is possible for ULF waves to143

play a role in PA, though the extent of that role has yet to be quantified.144

2. Observations: 26 January 2013

For a full examination of this event, we bring together ground-based data from the145

THEMIS allsky imager array [Donovan et al., 2006] and MOOSE (Multi-spectral Obser-146

vatory Of Sensitive EMCCDs) imager [see Michell et al., 2014], in-situ wave and particle147

data from the Van Allen Probes satellites [Mauk et al., 2012], and contextual data of148

solar wind and geomagnetic indices from OMNI Web. The instrumentation used from the149

Van Allen Probes includes the EMFISIS (Electric and Magnetic Field Instrument Suite150

and Integrated Science) fields experiment [Kletzing et al., 2013], the EFW (Electric Field151

and Waves) fields experiment [Wygant et al., 2013], and the MagEIS (Magnetic Electron152

Ion Spectrometer) particle detector [Blake et al., 2013] from the ECT (Energetic particle,153

Composition, and Thermal plasma) instrument suite [Spence et al., 2013].154

Beginning on 25 January 2013, a high speed stream solar wind event impacted the155

magnetosphere, triggering a small geomagnetic storm with minimum Dst reaching ap-156
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proximately -51 nT. Figure 1 depicts the solar wind and geomagnetic conditions from157

25 January 1200 UT through the end of 26 January. The yellow stripe highlights the158

specific period of interest for this study, during which time correlated ULF and chorus159

waves were observed in space (discussed in Section 2.1). Intervals of enhanced substorm160

activity occurred on either side of the period of interest, apparent in the magnitude of the161

AE index, with activity being somewhat subdued during the event itself. Nevertheless,162

multiple substorm injections were observed by MagEIS during this time while the Van163

Allen Probes apogee is located in the post-midnight sector. Figure 2 shows the location164

of both Van Allen Probes in GSE coordinates (2a), and the footprints of the spacecraft165

mapped to the ground using the TS04 dynamic magnetic field model [Tsyganenko and166

Sitnov , 2005] in both geodetic (2b) and magnetic (2c) coordinates over the relevant time167

period.168

Throughout the near-midnight to dawn MLT sector on 26 January 2013, PA was ob-169

served in the THEMIS allsky imagers at the Poker Flat, Gillam and The Pas station170

locations. Figure 3a shows one frame of the Poker Flat allsky imager data at ∼1200171

UT (0100 MLT). The outlined portion of the image encircles the PA observations; in172

the zenith direction and extending towards the north, the end of a substorm breakup is173

visible. The location of the Poker Flat allsky imager is 65.1◦N, 212.5◦E in geographic174

coordinates and 65.4◦N, 265.9◦E in magnetic coordinates. One frame at the same point175

in time from a mosaic of the full THEMIS array is also shown (Figure 3b), with the Van176

Allen Probes footprints marked as blue (spacecraft A) and green (spacecraft B) dots. Van177

Allen Probe-A is on a field line over an imager with no data, and Van Allen Probe-B is178

located over Whitehorse, which is obscured by cloud cover at this time. However, the179
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magnetic latitudes (MLAT) of both spacecraft are within 1◦ of the southern-most portion180

of the Poker allsky field-of-view (with south being towards the top of Figure 3a), and PA181

is observed at stations to both the east (Gillam) and west (Poker) of the satellite foot-182

prints. Gillam station is located near 333◦E magnetic longitude (MLON) and Poker Flat183

is located near 213◦E MLON, while the footprints of the Van Allen Probes are located184

between 280◦E and 315◦E MLON during this event. PA is clearly occurring on either185

side of the Van Allen Probes’ footprint and within 15◦E MLON during a portion of this186

time. Since widespread, persistent PA is a common phenomena [Jones et al., 2013], this187

strongly suggests that PA is very likely occurring directly at the magnetic footprints of188

the Van Allen Probes, and they are sampling the source region of the precipitation in-situ.189

An analysis of the PA event was performed on the Kiana allsky imager (Figure 4),190

which showed PA in the center view of the imager during the same magnetic local time191

as PA was seen at Poker, but in a later time UT due to the difference in longitude. Kiana192

station is located at 65.0◦N, 251.5◦E in magnetic coordinates. Figure 4 shows a keogram193

from Kiana that is produced by plotting consecutive north-to-south meridian slices of194

allsky luminosity in a time series from 1230-1500 UT. There are larger-scale pulsations195

at Pc4 and Pc5 timescales which are not easily seen in the keogram. However, fast PA is196

apparent (circled in orange). The observations are aliased due to the 3-second sampling197

of the imager; therefore, the fast pulsations seen are characterized by 3-second or less198

periods. Unfortunately, the orbit of Van Allen Probes is at low latitude, heading towards199

perigee at this time, so a direct comparison of the ground frequencies and in-situ waves200

is not possible.201
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Over the course of the Poker Flat allsky movie for the interval surrounding magnetic202

midnight, three separate substorms are apparent. Utilizing the electron flux data from203

the MagEIS LOW detector, we can observe the same three substorms in the equatorial204

region. They are seen as sharp increases in flux across multiple energy channels in Figure205

5, which covers approximately two orbits of MagEIS LOW data over energies of 37 keV206

(highest fluxes) to 221 keV (lowest fluxes). Perigee is seen as dropouts in flux at the start207

of the plot and near 1600 UT. The first two substorm injections (marked as 1 and 2)208

cover a wide range of energies, while the third (3) is only clearly seen in the 37 and 57209

keV channels. All three show energy dispersion, indicating that the injection site is not210

co-located with the spacecraft during any of these substorms.211

At both spacecraft, coherent oscillations in the magnetic and electric fields are ob-212

served with a roughly 2-minute period beginning around the third substorm at ∼1200213

UT. Also clear in the full orbit of EMFISIS waveform data (Figure 6) is an intensification214

in the lower-band chorus intensity after this same substorm injection. The enhancement215

is particularly notable in spacecraft B, which saw only sporadic low-level chorus activity216

for brief period prior to ∼1200 UT. At shorter time scales, as will be discussed in the217

next section, the chorus at this time is revealed to be quasi-periodic with a particular218

modulation frequency.219

Figure 7 shows ground magnetometer data from a range of stations across the Alaskan220

magnetometer chain at similar longitudes. The stations are separated in decreasing221

MLAT, where the top trace is at the highest MLAT (farthest north) and the bottom222

trace is at the lowest MLAT (farthest south). The signals are bandpass filtered for fre-223

quencies between 10 and 20 mHz. There are indications of a field line resonance [see Zhu224
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and Kivelson, 1989, and references therein] apparent in the magnetometer data: (1) the225

amplitudes of the wave are typically highest at Poker during this time, and decrease in226

amplitude at both higher and lower MLAT, and (2) the phase of the wave changes by227

180◦ near a latitudinal point at or below Poker, sometimes seen occurring at the transition228

between Poker and Gakona, indicating that the resonance occurs between ∼65◦ and ∼63◦
229

MLAT.230

2.1. Correlation of chorus and ULF

A remarkable feature of the in-situ wave observations is the correlation that exists be-231

tween the ULF and chorus wave periods (Figures 8 and 9). To directly compare the232

toroidal and poloidal components of the ULF wave (most strongly observed in the electric233

field), it was necessary to convert from spacecraft coordinates into the respective contri-234

bution to both the radial and azimuthal components. Since the spacecraft spin axis of the235

Van Allen Probes points in the sunward direction, the axial electric field measurement236

(mostly aligned with Ex in the mGSE coordinate system) is highly unreliable due to one237

boom being shadowed by the satellite for much of the time. To obtain the contributions238

of the axial field to the radial and azimuthal components, we went through the follow-239

ing process using spin-fit electric field data in modified GSE (mGSE) coordinates with a240

cadence of one sample every twelve seconds. In the mGSE coordinate system, Ex points241

along the spacecraft spin axis, while Ey and Ez are similar to Y and Z GSE (see Wygant242

et al. [2013] for details regarding mGSE). We utilized the Roederer L* parameter from243

the Van Allen Probes ephemeris data computed using the TS04 dynamic magnetic field244

model. Electric field data with L*<2.5 was removed from consideration because the high245

velocity of the spacecraft and sharp gradients in the background fields introduced spurious246
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wave power. We further inspected the electric field data and removed erroneous spikes247

and dropouts in Ey and Ez measurements. We then used magnetic field measurements248

from the EMFISIS instrument suite, at four second resolution in GSE coordinates, and249

rotated them to mGSE coordinates. Assuming orthogonality of the electric and mag-250

netic fields (E·B=0), we derived Ex. Upon division by Bx, the uncertainties in Ex are251

magnified, especially when the magnitude of Bx is small. To limit the influence of such252

uncertainties, we retained Ex only when the angle between the full magnetic field vector253

and the spacecraft spin plane was greater than ten degrees. The three-component electric254

field vector was rotated from mGSE to GSM coordinates, then transformed to polar co-255

ordinates to obtain radial and the azimuthal components of the electric field and proceed256

with the analysis. There were no thruster firings or spacecraft charging events during the257

time period shown that could have otherwise contaminated the component analysis.258

Figures 8 and 9 exhibit the correlated modulations in the lower-band chorus and ULF259

wave that exist on both Van Allen Probes spacecraft. The figures are plotted in the260

following identical format first for spacecraft A, then for B: (a) is the wave spectrogram of261

the lower-band chorus in the frequency band of 1-10 kHz, (b) displays the radial component262

of the ULF wave in the electric field (Er), (c) displays the azimuthal component of the263

ULF wave (Eφ), and (d) is a horizontal cut through the chorus wave spectrogram at a264

frequency chosen by eye to represent the peak power spectral density of the modulated265

chorus waves. The poloidal mode oscillations in Eφ are observed only on spacecraft A,266

indicating that spacecraft B was sitting at the node of the standing wave. For this time267

period, spacecraft A was closer to the magnetic equator (MLAT∼-1◦) while B was near268

-6◦ MLAT. The striking coherence between the ULF wave periods and the chorus wave269
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burst periods is clear in both spacecraft for the selected times shown. Interestingly, the270

chorus modulations appear at ∼45 second to 1 minute periods, while the ULF periods are271

closer to 2 minutes, revealing that the ULF waves occur with twice the periodicity as the272

chorus. The previous study that showed a direct relationship between in-situ ULF and273

chorus wave periods found a one-to-one variation in the ULF and chorus modulations [Li274

et al., 2011a].275

2.2. Fine structure of chorus

One unexpected component revealed in this event was observed using the burst mode276

waveform data from the EMFISIS suite. There were multiple burst captures during the277

event period on both spacecraft, each lasting for a few seconds and exhibiting individual278

rising tones in the chorus frequency band. These rising tones appear more or less coherent279

depending on the time period that they are examined, though most of the tones examined280

occurred at a roughly 3-4 Hz intervals. Figure 10 displays three different burst captures281

from spacecraft A, the first two panels of which overlap with the time segment of the282

chorus wave spectrogram in Figure 8. The tones occur at a few-Hz frequency throughout283

each burst interval (in each of the three panels). Again, this is during a time when PA284

is occurring in the southern-most portion of the Poker Flat allsky imager, and is likely285

occurring at the footprint of the Van Allen Probes satellites.286

Later in time, around 1500 UT, PA filled the allsky imager at Poker Flat, while Van287

Allen Probes was simultaneously heading into perigee. However, the MOOSE imager,288

located at Poker Flat, was recording ground-based optical images at 5577 nm of a narrow289

field-of-view (5 km x 5 km) at magnetic zenith during this time. The framerate is 44 Hz,290

ensuring that observations of any high-frequency components of PA at the few-Hz range291
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are easily resolved. The frequency-time spectrogram taken of the PA observations from292

1500-1600 UT is shown in Figure 11. There are many bands that extend through a few-Hz293

in frequency, with power at times seen up to 10 Hz. Largely, though, the power is confined294

to 4 Hz or less. This is the same frequency range at which individual rising tones of chorus295

are observed to occur, albeit at a different point in time (approximately 3 hours earlier).296

This connection will be discussed in the next section.297

3. Discussion and conclusions

In this paper, we present a complete end-to-end observation of a substorm injection298

driving ULF excitation in both the toroidal and poloidal modes, which then modulates299

VLF chorus, thus causing periodic pulsating auroral precipitation. A PA event was ob-300

served with the THEMIS all-sky imager stationed at Poker Flat, Alaska on 26 January,301

2013 from approximately 0035 MLT and persisting to later than 0630 MLT (1730 UT)302

when the imager was forced to shut off due to sunlight. In-situ observations of the ULF303

and quasi-periodic chorus waves in the equatorial magnetosphere, using the EMFISIS and304

EFW wave instrumentation onboard the Van Allen Probes satellites, show a striking cor-305

relation in the modulation frequency. The periodicity of the ULF waves is twice that of306

the chorus, presenting an interesting observation that solicits theoretical study. Periodic307

density variations caused by the ULF are likely responsible for the VLF growth, as has308

been suggested by previous studies [e.g. Li et al., 2011b].309

A substorm injection was observed in the MagEIS particle detector on the Van Allen310

Probes just prior to the ULF observations. Analysis of the radial and azimuthal compo-311

nents of the electric field reveal that the ULF wave was a mixture of toroidal and poloidal312

modes. Such poloidal mode ULF waves are thought to be generated on the tailward313
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side of the magnetosphere due to energetic particle injections from substorms, specifically314

westward drifting ion populations Mager and Klimushkin [2008]. Recent studies show315

that some low-m number toroidal ULF waves may also be generated in this fashion [e.g.316

James et al., 2013].317

The substorm injection that occurred near 1200 UT, just prior to the ULF and chorus318

excitation, also enhanced a region of PA in the equatorward portion of the Poker Flat319

allsky imager. The TS04 mapped magnetic footprints of the Van Allen Probes were320

not quite at low enough latitude to fall within the Poker field-of-view, and the all-sky321

imager that did contain the mapped footprint locations (Whitehorse) was obscured by322

cloud cover. However, the satellite footprint locations were within 1 degree south and323

15 degrees east magnetic latitude of Poker, suggesting that the PA was present at the324

nearby Van Allen Probes’ footprints as well. The frequencies of the chorus wave bursts325

fall in line with the nearby observed PA modulation frequency. The link has been well326

established between PA precipitation and VLF chorus in the equatorial region [Nishimura327

et al., 2011]. Here, we follow that causality back further to link the chorus periods with328

ULF modulation (of local electron density or resonant electron anisotropies), and even329

further back to substorm injected electrons.330

An intriguing discovery in this data is the observation of a few-Hz frequency seen in331

the chorus rising tone elements on Van Allen Probes at a time when PA is co-located in332

the vicinity of the satellite footprint. A superimposed high-frequency component of PA333

has been reported on for many years in high-framerate optical data [e.g. Berkey , 1980], as334

well as in early sounding rocket experiments [e.g. Lepine et al., 1980]. In addition to the335

oft-observed 3-Hz frequency, Kataoka et al. [2012] found pulsations embedded in PA at336
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frequencies up to 50 Hz, although the dominant power was contained in somewhat lower337

frequencies. The authors speculate that a 3 ± 1 Hz frequency emanating from chorus in338

the equatorial region is well defined, though the higher frequencies may have a source in339

the magnetosphere-ionosphere coupling region. Our observations are consistent with this340

proposition: chorus elements observed in space show the 3 ± 1 Hz frequency, while the341

high-speed ground imager shows a range of higher frequencies at times, though mainly342

confined to near the few-Hz regime. The mechanism for the chorus elements acting to343

produce the high-frequency pulsations is a nonlinear interaction resulting in strong pitch344

angle scattering, as is very well explained in Nishiyama et al. [2014].345

The case study presented here follows a substorm injection, a generated Pc4-5 ULF346

wave observed as a field line resonance, a correlated VLF chorus wave occurring at half347

the periodicity of the ULF wave, and ground observations of PA. We demonstrate the348

direct connection between this string of events, many components of which have been349

implied by previous studies. Further study is needed to test whether this sequence is the350

dominant driver of pulsating aurora, but this will require an extensive statistical database351

which is not attainable with the limited conjunctive measurements available at present.352

Even more specifically, the link between ULF modulations and whistler-mode chorus353

periods warrants greater attention, since this has implications beyond that of PA. More354

theoretical and observational analysis needs to be performed to investigate the physics355

involved in the ULF and quasi-periodic chorus periodicity correlation. Nevertheless, the356

emerging picture of substorm-driven ULF modulating the chorus which ends up as the357

driver of PA is one that deserves notice.358
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Figs/Fig1.png

Figure 1. Solar wind conditions and geomagnetic indices for 25 Jan 2013, 1200 UT through

26 Jan 2013, showing the effects of a high speed stream impacting the magnetosphere. The

highlighted portion indicates the time of wave observations on the Van Allen Probes and ground-

based pulsating aurora observations.
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Figs/Fig2.png

Figure 2. The positional parameters of the Van Allen Probes, 26 January 2013 1100-1500 UT.

(a) GSE location of the spacecraft and Northern hemisphere footprints for (b) magnetic and (c)

geodetic coordinates derived using the TS04 magnetic field model.
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Figs/Fig3.jpg

Figure 3. Pulsating aurora observations from (a) the Poker Flat allsky near the footprint of

the Van Allen Probes at ∼1200 UT and (b) the THEMIS allsky imager array mosaic at the same

time with Van Allen Probes footprint shown as green and blue markers.
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Figs/kiana.pdf

Figure 4. Keogram from Kiana allsky imager showing relative luminosity in a latitude versus

time format with ≤ 3 Hz pulsations circled (top panel) and raw CCD counts along the North-

South meridian (bottom panel). The time of 0200 MLT is denoted by the green line.
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Figs/Fig7.png

Figure 5. Three individual substorm injections (marked 1, 2, 3) observed by MagEIS-A LOW

over the orbit covering approximately 0800 to 1600 UT on 26 January 2013. Substorm 3 occurs

just prior to the plasma wave oscillations shown in Figures 8 and 9.
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Figs/Fig_chorus.pdf

Figure 6. EMFISIS waveform spectra of chorus wave power on Van Allen Probes A and B

spacecraft for the full day of 26 January 2013. Dashed lines denote 0.1, 0.5 and 1.0 times the

electron gyrofrequency, with upper-band chorus and lower-band chorus separated by the red line

at half the electron gyrofrequency.
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Figs/FLR.pdf

Figure 7. Ground magnetometer data bandpass filtered for frequencies between 10 and 20

mHz at four stations from the Alaskan magnetometer chain. Stations are plotted in decreasing

magnetic latitude from top to bottom.
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Figs/Fig4.png

Figure 8. Chorus and ULF waves observed in-situ onboard the Van Allen Probes A spacecraft

from 1215 to 1225 UT. (a) Wave spectrogram showing whistler-mode chorus in lower band (lines

depict fractions of local electron cyclotron frequency), (b) Er and (c) Eφ electric field components

showing ULF wave observations and (d) a line cut through the chorus spectrogram at ∼890 Hz.
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Figs/Fig5.png

Figure 9. Chorus and ULF waves observed in-situ onboard the Van Allen Probes B spacecraft

from 1150 to 1200 UT. (a) Wave spectrogram showing whistler-mode chorus in lower band (lines

depict fractions of local electron cyclotron frequency), (b) Er and (c) Eφ electric field components

showing ULF wave observations and (d) a line cut through the chorus spectrogram at ∼709 Hz.
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Figs/Fig_fine.png

Figure 10. High time resolution EMFISIS burst mode waveform captures of discrete rising

tones within several individual lower-band chorus wave bursts observed on spacecraft A. The

rising tones occur at a few-Hz frequency.
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Figs/Fig_MOOSE.pdf

Figure 11. Frequency analysis of the high-framerate MOOSE ground-based imager data from

1500-1600 UT, at a time when PA fills the visible sky at Poker Flat.
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